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We demonstrate bendotaxis, a novel mechanism for droplet self-transport at small scales. A
combination of bending and capillarity in a thin channel causes a pressure gradient that, in turn,
results in the spontaneous movement of a liquid droplet. Surprisingly, the direction of this motion is
always the same, regardless of the wettability of the channel. We use a combination of experiments
at a macroscopic scale and a simple mathematical model to study this motion, focussing in particular
on the time scale associated with the motion. We suggest that bendotaxis may be a useful means of
transporting droplets in technological applications, for example in developing self-cleaning surfaces,
and discuss the implications of our results for such applications.
PACS numbers: 47.55.nb,46.25.-y,46.35.+z
Control and transport of liquid droplets on small
scales, where surface forces dominate, is of critical impor-
tance in applications including microfluidics, microfabri-
cation and coatings [1–5]. Active processes including gra-
dients in temperature [6, 7], applied electric potentials [8]
and mechanical actuation [9] have been used successfully
to generate such fine scale control. Recently, however,
there has been growing interest in generating droplet
motion passively. This can be achieved using a fixed
geometry, in which droplets move in response to taper-
ing [10–14]. When the geometry is responsive (e.g. with
deformable boundaries), however, more possibilities open
up, including durotaxis [1] and tensotaxis [15], which rely
on gradients in stiffness and strain of an underlying soft
substrate, respectively, to control motion. Here we intro-
duce a novel, passive droplet transport mechanism that
takes advantage of the capillary-induced bending of a
narrow channel whose walls are slender and hence de-
formable; we term this motion bendotaxis. Importantly,
we shall demonstrate that the direction of bendotaxis is
independent of wettability. This is in contrast to duro-
taxis, in which wetting and non-wetting droplets have
been reported to move in opposite directions [16].
Figure 1(a) illustrates the mechanism behind bendo-
taxis: two, initially parallel, bendable walls are clamped
at one end and free at the other, forming a two-
dimensional channel. If a wetting droplet is introduced
between the walls, the negative Laplace pressure deflects
the walls inwards. The deformation is larger at the
meniscus closer to the free end (referred to as x+) than
at the clamped end (x−). The pressure is therefore more
negative at x+ than at x−; the resulting pressure gradi-
ent drives the droplet towards the free end. Provided the
contact angles remain the same and the beams do not
touch, this motion will continue until the droplet reaches
the free end. For a non-wetting droplet introduced into
the channel, the Laplace pressure is positive, pushing the
beams away from one another but the resulting pressure
gradient is again negative, driving the droplet towards
the free end.
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FIG. 1: (a) Schematic diagrams explain the mechanism be-
hind bendotaxis for wetting (left) and non-wetting (right)
drops: black arrows indicate the sign and magnitude of the
Laplace pressure within the drop; purple arrows show the
direction of decreasing pressure and hence motion. (b) Ex-
perimental demonstration of bendotaxis for a wetting silicone
oil droplet (left) and a non-wetting water droplet (right), each
between initially parallel, yet deformable, SLIPS. While the
deformation of the channel is different in each case, the direc-
tion of droplet motion is the same. (c) Comparison of final
channel shape (red lines) with the initial channel shape (dot-
ted white lines) for the section highlighted by the dashed box
in (b).
This mechanism is reproducible in a simple laboratory
experiment. We fabricated channels using a rigid separa-
tor and glass coverslips. Figure 1(b) shows time-series of
a wetting silicone oil droplet and of a non-wetting water
droplet in such a channel. In both cases, the droplets
move towards the free end of the channel. To observe
the deflection of the coverslips, we compare their shapes
in the final configuration with those prior to the intro-
duction of the droplet (fig. 1(c)). In the wetting case,
both coverslips are deflected inwards, while in the non-
wetting case both are deflected outwards, in accord with
our physical description. The observed deflections also
provide evidence that motion is not simply caused by the
weight of the droplet, which would cause the lower cov-
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2erslip to deflect downwards in both cases. (Our neglect
of gravity is justified in [47].)
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FIG. 2: (a) Schematic of a droplet in a flexible channel of
undeformed wall separation 2H0, width w and length L, with
menisci positioned at x = x−(t) and x = x+(t). (b) Top view
of a droplet of V50 silicone oil (channel length L = 18 mm,
width w = 5 mm, wall separation 2H0 = 310µm, thickness
b = 300 µm and droplet volume V = 10 µL). Although the
droplet spans the width of the channel, it is not precisely
two-dimensional. We present data for t0.7: the time between
the events x+/L = 0.7 and x+/L = 1, which corresponds to
the time between the fourth and sixth images here. (c) Raw
experimental measurements of t0.7, for different beam lengths,
L. Data are shown for droplets of wetting silicone oil and a
non-wetting water–glycerol mix; droplet type is encoded as
in fig. 3. Different shapes encode channel wall separation
as follows: 2H0 = 310 µm (.), 360 µm (/), 430 µm (),
540 µm (©), 630 µm (♦). The size of each point encodes
the approximate fraction of the channel taken by the droplet
(Vˆ = ∆X/L), with bins corresponding to Vˆ < 0.25, 0.25 ≤
Vˆ < 0.35, 0.35 ≤ Vˆ < 0.45 and Vˆ ≥ 0.45.
To gain insight into the dynamics of bendotaxis we
performed a series of more detailed experiments: sec-
tions of borosilicate glass coverslips (Agar Scientific,
Young’s modulus E = 63 GPa, thickness 160 µm ≤
b ≤ 310 µm (±5 µm), width w = 5 ± 0.5 mm) were
first treated (see below) before being clamped with a
separation 310 µm ≤ 2H0 ≤ 630 µm (±5 µm) to cre-
ate an open-ended channel, as in fig. 2(a). The channel
length 14 mm ≤ L ≤ 30 mm (±0.25 mm) is controlled by
changing the clamping position (while maintaining a rela-
tively long clamped section to ensure there is no intrinsic
tapering, which would alter the dynamics [11, 13, 17]).
The treatment of the glass and the droplets used de-
pended on the required wetting conditions: for the non-
wetting case, the walls were sprayed with a commercial
hydrophobic spray (Soft-99, Japan) and dip-coated with
silicone oil V5 (Sigma-Aldrich, USA) forming a slippery
lubricant-infused porous surface (SLIPS) [18–20, 47].
Droplets were formed from a water–glycerol mix (70%
water by weight, dynamic viscosity µ = 36 ± 5 mPa s,
surface tension γ = 67 mN m−1); this combination of
drop and lubricant liquids ensures a large advancing con-
tact angle (θa = 102 ± 2◦ [47]), low hysteresis (receding
angle θr = 100 ± 2◦) and a large enough drop:lubricant
viscosity ratio that viscous dissipation occurs primarily
within the droplet [21, 47].
In the wetting case, we pre-wetted the glass with sili-
cone oil (pre-wetting was performed on both bare glass,
as well as with glass pre-treated by hydrophobic spray
to better retain the wetting film; we find no differ-
ence between these two cases in our experimental data
[47]). Droplets of silicone oils V50, V100, V350 and
V500, were used to vary the dynamic viscosity in the
range 48 ≤ µ ≤ 480 mPa s ± 5% while maintaining
γ = 22 mN m−1. These droplets perfectly wet the pre-
wetted glass but form a capillary bridge with well-defined
menisci.
The droplet volume was systematically varied in the
range 10±0.5 µL ≤ V ≤ 25±0.5 µL, leading to different
initial droplet lengths ∆X = x+(0) − x−(0) and, hence,
different relative volumes Vˆ = ∆X/L (constant in each
experiment). The wall separation at the free end is en-
forced to be 2H0 during droplet deposition but removed
shortly after, which corresponds to t = 0; in this brief
period immediately following deposition, droplet motion
is negligible [5, 47]. The experiment is photographed
from above, as in fig. 2(b), and the position of the lead-
ing meniscus, x+(t), is recorded and tracked using image
analysis software in Matlab. (Note that the droplet
volumes V were chosen so that the drop spans the width
w of the channel, becoming effectively two-dimensional,
fig. 2(b).)
To quantify the time scale of motion in a reproducible
manner (independent of the initial droplet position), we
measure the time, tX , taken for the droplet to pass from
x+/L = X to the free end x+/L = 1. This quantity is
approximately independent of the initial condition, pro-
vided inertia is negligible. Here we present results for
X = 0.7, which is arbitrary but covers a significant por-
tion of the motion for which beam bending occurs over a
3length comparable to L (a fact used in the following scal-
ing arguments), whilst still allowing most experiments to
be included.
Raw measurements of t0.7 are presented in fig. 2(c),
and indicate a strong dependence on both channel geom-
etry and droplet viscosity. To gain theoretical insight,
we first consider a scaling argument assuming a small
relative volume, Vˆ  1, which captures the combina-
tion of elasticity and capillarity involved. Droplet mo-
tion is driven by the Laplace pressure change that re-
sults from droplet-induced tapering of the channel (we
assume a constant surface tension γ and contact angle θ
at the leading and rear menisci and neglect the surface
tension from the sides, shown to be relatively unimpor-
tant in a similar situation [22]). In a narrow channel, the
pressure change across the droplet due to a tapering an-
gle α can be approximated as ∆P ∼ αγ cos θ∆X/H20 .
Since the channel walls bend over a length compara-
ble to L (provided the drop is relatively far from the
clamp), but are only subject to a Laplace pressure over
the length of the drop, linear beam theory [23] suggests
that α ∼ γ cos θ L2∆X/BH0. (Here B = Eb3/12 is
the bending stiffness of the wall per unit width [24, 47].)
Therefore, the pressure gradient over the (small) droplet
is estimated as
∂P
∂x
∼ L
2
H30
γ2 cos2 θ∆X
B
. (1)
Lubrication theory [25] provides the timescale for a
droplet of viscosity µ to move along the length of the
beams as τ ∼ µL/(H20Px). When considered relative to
a capillary timescale τc = µL
2/(|γ cos θ|H0), this yields
τ
τc
=
τ |γ cos θ|
µ
H0
L2
∼ B|γ cos θ|∆X
H20
L3
. (2)
The scaling (2) provides a reasonable collapse of the ex-
perimental data for all of the wetting data, see fig. 3 and
fig. S1 [47]. However, the non-wetting experiments show
two families with a similar scaling trend but modified
prefactors, which may be due to a change in the effective
value of |γ cos θ| between measurements made on a single
SLIPS and experiments in a narrow channel. A possible
cause for such a change in the driving Laplace pressure
is a thin oil layer ‘cloaking’ the droplet [26]. Quantifying
this is beyond the scope of the present study, but we note
that the discrepancy in prefactor would be eliminated by
a relatively small change in the effective contact angle of
. 7◦.
For moderate to large values of the abscissa in fig. 3
we observe the linear scaling of (2) (valid for Vˆ  1).
However, at smaller values (larger Vˆ ) the linear scaling
appears to break down. To go beyond this scaling argu-
ment and determine the effect of finite droplet volumes
Vˆ , we formulate a detailed mathematical model. Com-
bining lubrication theory and linear beam theory (and
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FIG. 3: Collapse of experimental data when rescaled accord-
ing to (2). Points correspond to experimental observations
(with volume and wall separation encoded by point size and
shape, respectively, as in fig. 2; droplet type is encoded by
color, as indicated in the legend). The single set of error bars
extends one standard deviation away from a particular data
point, computed from 20 measurements, and is similar for
each experiment [47]. Solid curves show results from numer-
ical solutions of (3)–(5) with Vˆ = 0.5, 0.4, 0.3 and Vˆ = 0.2.
Also plotted is the asymptotic result (7) (black dashed line),
valid for Vˆ  1 (corresponding to the upper right corner of
this plot).
neglecting the weight and tension within the beam) leads
to a nonlinear PDE for the deformed shape of the beams
h(x, t) within the wetted region [27–29]:
∂h
∂t
=
B
3µ
∂
∂x
[
h3
∂5h
∂x5
]
, x−(t) < x < x+(t). (3)
The shape of the channel wall out of contact with the
droplet satisfies ∂4h/∂x4 = 0 and depend on time only
through the meniscus positions. At each meniscus we
require continuity of shape, slope, moments and shear
force, consistent with the assumption of a small aspect
ratio, H0/L  1, used in lubrication theory [28]. The
pressure jump between dry and wet portions of the beam
is due to the Laplace pressure at the meniscus, so that
B
∂4h
∂x4
∣∣∣∣
x=xm
= − γ cos θ
h(xm, t)
, xm = x− , x+ . (4)
As before, we have assumed that the contact angles at
the advancing and receding menisci are equal and con-
stant. On the timescales considered here, evaporation is
negligible [47] conservation of mass then requires
dxm
dt
= −Bh
2
3µ
∂5h
∂x5
∣∣∣∣
x=xm
, xm = x−, x+, (5)
We apply clamped boundary conditions at x = 0, while
the end x = L is free, i.e. h(0, t) = H0, hx(0, t) = 0,
and hxx(L, t) = hxxx(L, t) = 0. The problem is closed by
4specifying initial conditions for the beam shape, h(x, 0) =
H0, and the meniscus positions x−(0) = x0−, x+(0) = x
0
+.
Asymptotic analysis of the problem (3)-(5) for Vˆ 
1 shows that the beam deflection is small and that the
drop length is approximately constant throughout the
motion [47]. The evolution of the meniscus positions are
then governed by the ODEs
dxm
dt
=
γ2 cos2 θ∆X
6BµH0
x2m , xm = x−, x+. (6)
The ODE for x+(t) may be solved to give the time tX
taken to move from x+/L = X to x+/L = 1 as
tX
τc
=
6(1−X)
X
B
|γ cos θ|∆X
H20
L3
. (7)
Eqn (7) confirms the scaling result (2) and provides the
appropriate pre-factor, which, with X = 0.7, corresponds
to the black dashed line in fig. 3.
To facilitate numerical solutions of the full problem
(3)-(5), we non-dimensionalize axial lengths by L, the
beam deformation by H0 and time by the capillary
timescale τc, introduced earlier. In addition to the rel-
ative volume Vˆ , we identify a further dimensionless pa-
rameter
ν =
L4γ cos θ
H20B
, (8)
which represents the ability of the droplet surface tension
to bend the channel walls. We refer to the parameter ν
as a channel ‘bendability’, though it is also related to the
reciprocal of the elastocapillary number [5]. Note that
wetting drops have ν > 0 while non-wetting drops have
ν < 0, consistent with the sign of the pressure in equation
(4).
The problem is fully specified by the values of ν, Vˆ ,
and the initial condition x0+/L, and can be solved nu-
merically in Matlab using the method of lines [30, 47].
The numerical solution determines the time taken for a
droplet starting with x0+/L = 0.7 to reach x+/L = 1 for
different values of Vˆ and ν i.e. we may write
t0.7
τc
= f(ν, Vˆ ). (9)
The scaling law (2) shows that f(ν, Vˆ ) ∼ (νVˆ )−1 in
the limit Vˆ  1. The numerically-determined values of
t0.7/τc are plotted in fig. 3 for several values of Vˆ (span-
ning the experimentally realized range). These results
suggest that some of the discrepancy between experi-
ments and the scaling prediction (7) are accounted for
by the finite value of Vˆ . The neglect of some physical as-
pects may also result in deviation of experimental results
from the numerical solutions; surface defects, the pres-
ence of gravity and surface tension acting along the sides
will, for example, influence the dynamics. Whilst we ex-
pect these to be relatively unimportant [47], they will
introduce ‘noise’ into experimental results not accounted
for by the model.
Numerical solutions of the dimensionless version of
(3)–(5) yield the values of f(ν, Vˆ ), which are shown in
a color-map in fig. 4 with, schematics of the deformed
channel shape. This demonstrates that, for fixed relative
droplet volume Vˆ , the time t0.7 decreases as the abso-
lute bendability |ν| increases (e.g. by decreasing the wall
thickness b, or Young’s modulus E). However, this is
to be weighed against the possibility of the edges of the
walls touching and trapping wetting drops indefinitely
(see upper curve in fig. 4).
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FIG. 4: Influence of dimensionless droplet volume, Vˆ , and
channel bendability, ν, on the time taken to traverse the final
30% of the channel, t0.7/τc. Numerical results are shown by
varying color, while the bold black curve indicates parame-
ter values for which the edges of the channel touch during
the motion, trapping the droplet. (Note that the position of
this curve depends on the initial condition; here x0+/L = 0.6.)
Positive bendability, ν > 0, corresponds to wetting drops,
while ν < 0 corresponds to non-wetting drops; when ν = 0,
the channel is effectively rigid and the droplet remains station-
ary. Schematics illustrate typical configurations, and filled
circles correspond to the experimental data presented in fig-
ures 2 and 3; the outliers with ν < 0 are in the slow non-
wetting regime.
In this Letter, we have shown that a drop placed into a
channel with deformable, but initially parallel, walls cre-
ates its own tapered channel, driving itself towards the
free end, independent of the droplet wettability. We sug-
gest that this universality of motion may find application
in self-cleaning surfaces able to remove macroscopic con-
taminants [31]. In particular, surfaces are often textured
at a microscopic scale to reduce adhesion and increase
droplet mobility [32, 33]. However, these properties can
be impaired if liquid impregnates the texture [34]. Ta-
pering the texture has been suggested to reduce the in-
ternal fogging of some surfaces [35], effectively expelling
the soiling droplets automatically, but only works if these
5droplets are themselves non-wetting. A similar role has
been suggested for the hairy coating on the legs of water-
walking arthropods such as Gerris Regimis [36]. Here
we have shown that under bendotaxis both wetting and
non-wetting drops move to the free end of a rectangu-
lar channel, where they might naturally evaporate, be
knocked off or even jump from the surface [37]. Rapid
motion occurs for large values of the bendability, at the
risk of trapping wetting droplets (fig. 4).
There remain many features of the system (including
contact angle hysteresis three-dimensional geometry, and
the behavior of the droplet at the end of the channel) that
might complicate the picture of bendotaxis presented
here. However, these complications may also provide fur-
ther opportunities for passive droplet control with more
sensitivity: for example, by tapering the undeformed
channels slightly, we expect there would be a range of
values of the bendability for which droplets would actu-
ally move towards the clamped end.
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